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MEASUREMENTS OF FRICTION COEFFICIENTS IN A PIPE FOR
SUBSONIC AND SUPERSONIC FLOW OF AIR

By Joseph I, Keenan and Ernest P. Neumann

SULMARY

Tests of the {low of alr through brass tubes show that,
for subsonic flow, the friotion coefficient is the same
funotion of Reynolds number as for lncompressible flow but
that, for supersonic flow, the apparent friction coeffi-
cient i3 loss than for incompressible flow at the same
value of the Reynolds number and decreases with inorease
in Mach number. The analytical relation between friction
coeflicient, tube length, and Mach number is shown for flow
withovt shock and the conditions for flow with and without
shock are delimited. The me;hod of analysls is given,

INTRODJCTION

The effect of friction on the I'low of compressible
fluids in pipes of uniform oross-secltional area was lnves-
tigated analytically by Grashof (reforence 1) and Zeuner
(reforsnce 2), who arrived at a relationship between ve-
locity and friction coefficient for ideal gases. Stodola
(reference 3) showed that the curves of Fanno permit a
general graphical treatment for any law of friotion.
Fr&ssel (reference 4) presented the first extensive meas-
urements of friotion coefficlents for air flow throug: a
gmooth tube with velocities above and below the velooity
of sound, Fr&ssel's measured coefficients for compressible
flow vore in eswellent arreement, at corresponding Reynolds
numbers, with coefficients measured for incomprossible flow,
Erli (referenco 5) expressed in dimensionless form tho equa-
tions for {low of an ideal gas through a chamnel and used
these equations to deduce fristion coofficients from meas-
uroements of flow through channels varylng in width from
0,0025 to 0,01C inch,




Previous experiments (Frtrssel (reference 4) and Keenan
(reforence 6)) with comprossiblo flulds at subsonic velocities
indicate that variation in the xach number between zero and
1 - that is, for subsonic velocities - has no appreciable
offect on the coefficient cf friction, For the flow of air in
smooth brass pipes, FrBssel reports the same relation between
Reynclds number and friction coefiicicnt as was oblained by
muny oxporimenters (notably Stanton and Pancll) for incompres-
gible fluids.

For comprossible fluids at Mach nwibors greater than
1 « that is, at supersonic vulocities, Fr¥sscl reports the
samc relatinn between frictlon coeZfinient and Reynolds num-
ber as that obtained at iach numbers less then 1 - that is,
at subsonic 7Telocities. Previous measvrements made in the
laboratory of AMochanical Lngincering at the Massachusctts
Ingtitute of Technology indicated friotion voefficlents in
svpersonlic flow considorably different from the coefficicnts
rcportod by ¥Frdssel,

The definition of the friction cocfficient and the means
of computing it aro described in appendix A, This material
is largely drawn from refersncz 6, but sinoce it is necessary
to an understanding of the oomputed results of the pressnt
tegts it is restated briefly here,

The objeot of the prosent investigation is to moasure
the coefficiont of friction in & smooth tubo with compres-
s8ible flow of air aud, in particular, with supcrsonioc flow,

TEST APPARATUS

The arrangerment of the test apparatus 1s shown ln flgure
ls Alr 1s supplied by a iwo-stage stoan~driven alr compressor
ruming at constant spoed, At the discharge from ths ocompres-
gor is a recciver to smooth out fluctusticms in flow. After
leaving the receiver, the air passes through a cooling coil,
wiere a portion of the moisture, ocntained in the air loaving
the compressor, is condonsed and drawn off, Tho saturated air
loaving tho cooling coil is then passud tThrough a hoating coil
in ordsr +to superheat the vmter vapor contained in tho air and
thereby to prevent formation of waterdrops ir the approach pipe



that procedes the test longth, Ths cooling and heating colls
wore uscd only for tests O and 10, all other tests having been
~campletod before tho coils were installed.

The air stream 1s introduced into the test pipe through a
roundod-entrance nozzle of ciroular cross section, Details of
the nozzles used in differont tests arcv shown in figures 2 to 4.
The test pipe 1s of standard drawn-brass tubing of 0.4375-1nch
inside dlemeter for superainic data and of 0,376-inoch lnaide
diameter for subsonio datu. The pressure measurements, from
which the frictlion coeffiolents are caloculated, were mads at
0.020=-inch-diamgter holcs-drilled in the tube wall at intervals
of 2 inches for the supcrsonic tests (with additional holes for
somo tests) and at intervals of 12 inches, with an additional
tap locatod 3 inches from the tube end, for the subsoni6 tests.
Additional pressure taps were luter drilled in tho pipe, 180°
from the first row of taps at 3, 4, 6, 7, 9, and 11 inches from
the tube ontrance to obtain additional pressuro meusuremonts
for tho supersonic tubo, In order that there should be no burr
at tho pressure tap, the inside of tho tost pipe vas carefully
polished with fino omery clothe Connoctions botwoon the pros-
sure taps, manifolds, and manometors are mido with Z-inch copper
'bubing.

With the exception of the initial pressuro for the supor-
sonic runs, all pressurces were measurcd by simple U-tube mi-
nomoters. Small prcasure diffoerences wore moesurod in conti-
meters of water ard largor pressuro diffursnces, in centimeteres
of mercury. With the aid of a sliding markor on the manometer
scalos, pressuro difforences could bo read to 0,01 centimetor.
For the supersonic data, initial prescuros vero mcasured with a
calibratod Bourdon gagce

- The temmorature of the air stream in front of tho noz:zle
ocould he measurod by oithor a copper-constantan thermocouple
or a merowry-in-glass thormometor. Recadings wore usually made
with tho thermomotur, :

Tho diaschargo coeffloient of cach nozzle was determined
by calibrating against a gasometer., Tho rate of flow of air
in cach test was then found from the state of the air in
front of the nozzle (und in subsonic tests, the pressuro aftor)
and tho discharge coefficient,




METHOD OF TESTING

Tho air comprescor was started and sufficilent time was
allowcd to clapse to obtaln steady-state conditions bofore
any roadings were taken, Temperature roadings woru talon at
dofinito intervals of timo., Pressuro diffcroncus betwoen a
given palr of taps wero measured on cltlor a nercury or a
wator munowter, dopending upon tho mamnitude of tho diffor-
oence to ba moasurcd., In ordor to ostabiish a continual check
arainet possible loal!mgo from eithoer o tho two manifolds
used, prossuro differonces viero recorded for each pair of
taps with the higher pressuro first in ono munifold and then
in tho othor. As a check against possible leskago from the
oconnuoticns between thu prossurse tans and the manifeld, a
soop-and-mrter solution wus applicd at cach connoction. For
tho supersonic runs, in which the nressuros moasursd wero
bolow atmosphoric pressurc, the manomeier system was tosted
by stbjoeting it to a pressuro higher than atmosphoric be-
fore sturting a .test,. '

SY!"BOLS

A friction cocfficlont

L lon:th of teet section (£t)

D diamoter of test scction (ft)

x distance along *est scction (£t°

p  prossuro (lb/sq ft.abs,.)

Ny- Mach number

Ny Reymolds number

T tomperature (OF ab:,)

V . moean velocity of fluid stroam (ft/sec)
a cross~-soctional arca of tost scction (ag ft)
v specific volumo (cu £t/1b)

g acoeloration given to unit mo.ss by mit force




p  mase densaity (__1_>
vEg.

F wall friction f;rce (lll)) ’
T friotion force per unit of wmll surface (1lb/sq ft)
w maes rate of flow (1b/sec)

G mass rate of flow per unit area (1b/sq ft seo)

h  enthalpy (£t-1b/1b)

k ratio of specific heats

Subscripts:

i rofers to the initial state of the flu.d stream

I and 2 any arbitrary datum points nlong the test sectiorn

Constanis used in making caloulations:

1

X ratio of specifiic heats, 1,400

Cp, specific heat at constant pressure, C.240 Btu

O 1%

SISULTS OF TLSTS
Subsonic Flow

The results for the subsonic lost3 are presented in
tables I to IV, The variation in prec:ure along the length
of the test pipe 1s shown in fipure 5. For lests 1 and 2
the pressure in the exhaust space hehind the end of the pipe
was helow the sound prossure = that ia, the pressure at the
state of maximm eniropy; consequently, the flow through the
pipe wns the maxiruum flow corresponding to tl'e initial condi-
tion of' the air stream. For tests 2 and 4 the air stream was
throttled Tehind and in-front of the pipe, respsctively, to
produce pressures at the pipe exlt in exvess of the sound
pressure, which resulted ln a flow less than the meximum flow
for tha existing initial conditions,



The friction coefficilents corresponding to the Intervals
of pipe length between pressure taps are given in tables I to
IVe In figurc 6 tho arithmetic mean of these wvalues of the
friction coefficient for each test 1s nlotted against the
arithmetic mean of the Reynolds number for that test. The
length interval from O to 1 foot was omittod from the calou-
lation of the mean because the veloocity profile rvms doubtless
chan~in~ greatly in this interval, The last 3 inches of length
viere also omitted bscause of the effoct on velocity and pres-
surs distribution of tho abrupt dischargoe ianto the exhaust

spacc.

Tho von Kdrmén-liikuradse relation betiwen friction coef-
ficient and Reynolds numbor for incomprossible flow is showm
by thoe curve in figure 6., Tho greatust disorepancy betwecn
the proscnt results and this curve ieg ol the ordir of 3 por-
cent, whiocn is approximutoly tho dsz;rec of uncertainty in the
prosent moasurcmonts,

Figurcs 7 and 8 cshow: tho variation along the longth of the
tube of friction coufficiont, mcon tocmporaiurc, and Mach number
for tosts 1 and 2. Tho valucs of friction coufficieat for ine-
comoressible {low corresponding to the Io;molds number at each
point along the length of the pipe are shovm by the dash curve
of figure 7, In test 1 the }Mach mumber rarros f'rom 0,%2 to 1
and in tes5 2 from 0.3 to 0.47. 1In both tests, however, the
agroo:ront botwecn tho movasurcd friction coofficicn’c and thoze
for incomprossible flow is consistenlly good. Thic arresment
confirms the comclusion reachcd by Koonen and by Fiffssel thut
for subsonic velecitivs tho friction coeflicion: is a functinn
of the Reymolds number and is not ap;rceiably aifected by
chanre in the Mach numbor,

Suporsonic Flow

Tho longtli nff the test pipe for supursonic tosts is limit-
ec. by the divorgonce ratio of tho nozzle that fueds tho pipe,
For a ziven divergence ratio and a siven nozzle <fficlcney, a
mazximum longih of test pipc vxichs for which a pressure shocsk

®The tcrms "shook" and "prussure shock" arc usod in this report
to denotc a tronsvorso shock unless othorwisc indicatod,




will not apoear in a pipe. For greater lengths the shnck moves
oloser to the nozzle. Since the velocity of the gtream on the
dovmstream side of the shock is always subsonic, the maximum
length-of supersonic flow.is-attained in the longest pine with-
out a pressure shock. Considerations which govern the length
of subsonio and supersonic flow are presented in apnendix B.

With nozzle B, which has a divergence ratiln of 6.7, it
was possible to use a tube 50 diameters in length without
having a shook in the tube. Four tests, mamely tests 5, 6, 7,
and 8, were made with this combination of nozzle and tube. The
variation of absolute pressure with distance along the tube is
shown in figure 9.

In these four tests the test points show departures from
& smooth curve whioh docreasa in magnitude with inoreasing dis-
tance from the nozzle. Tasts 5 and 6 wero scparated by a time
interval of 24 hours but wero otherwise identical. Figure 9
. shows that test 6 reprnduces test 5, even to the denarturos
from smoothness, wlth high fldelity.

Betweon tusts 6 and 7 the tube and ths nozzle were removod
separately from tho apparatus and the tubo was repolished with
fine emery. Between tests 7 and 8 the tubo was romoved again
and two more praessurc tups wore addad. Test 8 shows doparturaes
from smoothness similar to tests 5 and 6. Tast 7 shows markcd
difforonces from ths othors in doparturos from smoothness. The
fairod curvos through thc tcat points of 7 and 8 are in agroG=
ment, out both differ approciably from tho smoothod ourves of
tosts 5 and 6.

1t appears probaolo that thc doparturcs from smoothncss
arge tho roscult of ovlique shock waves in tho tubu, whlch are:
sot up Uy tho transition between tho nozzle and the tubo and’
whioch aro roflooctcd down the tubo. The duparturcs arc ropro-
ducible as long as tho rolation betsrosn nozzle and tubo is
undisturbeds Boetwecn tosts 6 and 7 not only was this rclation
disturbed but the polishing oporation apparsntly altered slight-
ly the character of flmy in thc tude. HMeasurcmonts mado on tho
tube inlet after polishing showed a slight chang; in dianetcr.

In an attempt to rcduco tho emplitude of the oblique shock
wayas, nozzlec C was mado (fig. 4). Hore the transition from the
nozzlo cone tn thc cylindrical wall was mada with & curve of
large radius. Tosts 9 and 10 wore made with this nozzle and
figure 10 shows the measured proesurc variatione It appeoars



little reduoction in the pressure fluctuations was roalized; °
noroover, owing to an accidontal inorecase in thrrat diamoter,
the trensverse pressure shoock movod into the tubo and reduced
the length of supersonic flow.

Further efforts should bo made to rcduco those fluctua=-
tions in prossurc by modifying the nozzle onrofile and by im-
proving the junction sotweon nozezle und tudes It should be
noted, howcver, that the amplitudo of the fluotuations is of
the order of 30 centimebters of watcr or 1/2 vound por squero
inch, whion is abnut l/h poroent ~f ths prossurc droo through
the nozzle. Completo <limination of such small disturbances
may orovae to bc diffioult.

* In tho nrosent state of the data it avncars prudent to
raoject that portlon of tho tost curve where the fluctuations
arc scveres The frictlion cocfficicnts calcoulatsd from the ro-
meindor of the data will be almest unaffcetod by oblique shooks;
howevar, the longth of sunersonic flow is so limitod thet aoccel-
erations aro largo and some chungo in wvolocity ornfile is prob=-
ably ocourring. In view of the uncertainty as regards the effeet
of this ochange, the frictlor cosfficicnts calculated for supor-
sonloc flow will be oallod apparcnt frioction cooffioclonts.

Figures 11 and 12 show tho apoaront frietion coefficicnt
vlottod agninst Mach number and distance along tho tube, ro=
spectively. The various tests aro in agreccmont within about
5 ocroont. The curves for tests 5 arnd 6, which were run ncforo
the tubo vas rcpolished, 1lic lowor than the others. In tests
5, 6, 7, and 8 moisture was condonsing in the approach pipe and
was being ocarried through the rnozzle in varying concontrations
in the ocoursc of the tecstc. In teste 9 and 10 tho air was dried
by conling and rchoating it boforo it roacnzd the nnzzle. The
date show no change resulting from thesc precautions.

In figurces 11 and 12 are showm the friction coefficients’
for incompressible flow for Rcynolds numbers corrcsponding to
the tecst conditlons. The supersonic valuas apwoar to bé lowor
by as much as 25 percent. In fizuro 11 it appcars thut, for a
Macn numbor of 1, the curves for supersonic flow and incompros-
gible flow may meet. Ths friction cocfficient for the interval
between tha lest two taps is not included in these charts, se-
oausc tic final tap was in a short vicce of tubing which was
buttod against the end of the tost plposs The factors caloulatod
for this interval aro not in accord with tho others. Tho supor-
sonic data arc too moagcr, howcver, ta justify cny conclusion con-
oerning Mach numbois ncar l.



Figure. 13 shows tho variation along the length of the tube
of mcan tomporaturs and iech numbor for tcats 5 and 6.

Tho oconolusion roachod by Fr¥ssel to tho e¢ffcot that tho

friotion coefficiont is tho samc at all valuos

of thc Maoh

number for a givon valuo of tho Roynolds number has not been
oonfirmed. The published data of Frossol (referance 4) wore

- inadequate to dotermine the validity of his conclusion; more-
over, Frossel's mothod of computing the friction coeffiocioent
from a derivative of a curve of orcssuvro variation loft a wido
range wlthin which his results could bo inturprctcd.

CONCLUSIONS

For subsonic flow thc frioction ccefficlont is the samo
function of Rcynolds numbur &s that given oy the von Kdrmdn-

Nikuradsc squation for incomorcssiblo flow und

is cesontially

indonondant of llach numbor. This finding is in nocord with the

rcsults obtainod by Frosscl and by K:enans

The apparont iriction cooffioclont is loss
flowr than for incompressiblc fl-w for the same
The difforcnoe roaches magnitudes of tho order
This finding is not in acocord ‘with the results
Frossele It appears that for a given Roynolds
flelent of frictinn lucrcoasss with deorcase in

Department of Hechanioal Engincoring,
Massachusotts Instituts of Technology,
Cambridge, Masse

for suporsonio
Roynolds numbcrs
of 25 poroant.
obtainod by
number the coef-
Mach number.
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APPENDIX A
METHOD OF ANALVSIS
The analysis that follows, excent for cortaln minor changes

to follow the notation of this lapor, hns boon taken verbatim -
from the aprendix of reforencs 0.

[

Dyneamic Equation for Flow in ?ipe of
Corstant Cross-Scctional Area
Consider an elemcnt of {luid which is >oundod by two paral-

lc¢l planes transverse to the dircction ~f flow and o dlstance
dx apart. The forocs acting on this clemcnt may be olassiflod.

e—dx

N
— o —)

e,

as normal foroes corresponding to hydrostetic pressures und
shcaring forces corrcsvonding to wall friotien. It ocan bo
shown that Nowton's Socond Law becomcs for steoady flow

-adp = dF = (w/g) dv (1)

whcro e denotes the oross-scotionzl aren »oi' the nassage,

dp the increcase in hydrostatic pressure nf the fluid ecross
distance ¢x, dF +the wnll friotion foroc anolicd to thc stream
betwean the two planes, w tho mass rato of flow, g tho ac-
celoratinn glven to unit masd by uxnit force, and dv +thc in-
croasc in the monn welocity nf the strcam aecross dxe.

The vmll=friction forcc dF mey be ox-rosscd in terms of
a friction oocfficlcnt vhioh is onmrianly dofined by tho relation.

T

A m___..

1
H

)
v

°
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whore A denotes the frictioh coeffiocicnt, T the friction
foroe per unit of wal® surface, and p & mass density of tho
. fluid whioh is othcrwise L/vg. Thon we may write

: ’

dF = TDdx = AySnDdx/2vg

whore D is the pipo dismotor and dx 1s an clement of lcngth
along tho pipe. 8Substituting this expression for d4F in ogqua-
tion (1) dividing through by ov and rearranging, we get

. ' a
- dp 4 & graA /TY mw 20

where G 1is wyh.- 8inoc G for steady flow 1s constent
along thuo length of the pipo and cqual to V/v, the lust
cquation may be writtin in the form

dp G® av 2262 - 3
+ . -— = 4
Ve + T dx = 0 {2;

This is tho dynomlc equatinn of flow through a pinees It moy be
usad to dctormine tho mean friction vnefficient hetrreeu two
crnss sacti-ns as followss

Agsume A to bo consbtant boatwoen sections 1 and 2, Thon
equction (2) integrates to tho exprossion

3 d a ,ﬂ
f _R.+ 9_. in Ya + ?.A(:__ (xa - xl) =0 (3)
A v g Vi Dg

whioh mny bc solved for A + 1In an actusl onsc A may be in-
terprotod as .the moan coefficlent of friction. For a numerical
anlution it 1s noececasary to lmow not only tho dimensions of the
pipe and the rate of fluid flow but also the rolationship be=
tween prossuro and spceifioc volumo along the vbath of flow.

B

Tho Preossure-Volume Rclatinnship

Let us conmsidcr first thc adisbatio case, that is, the
ocaso in whioch heat flow to or from the fluwid strcam is nepgligi-
bles Thcen from the -first law of thormodynamies we know that for




12

any section a along the pipe length the sum of the enthalpy
and kinetic energy per unit mass of fluid orossing that sectlon
is constant and is equal to the enthalpy at a preceding seotion
i, where the oross-sectional area is very large and the ki-
netlo energy is negligibles Thus

h + V&2 =y (4)

where h; denotes the enthalpy at section 1 and the symbols
without sibscript denote quantities oorresponding to section a.
Substituting Gv for V in equation (4) we get

h+8—¥—=p (5)

Equation (5) ylelds a series of relationshivs betwoen h and
Ve

Having dotermined by measurements the initial state i
and the mass rate of flow per unit area G of a stream flowing
through the pipe, we may determine by equation (5) the hev
relationship.

For a perfect gas
k
h & -~ pv = Bpv (6)
k-1

where k 1s the ratio of the specifio heats and B 1s a con-
stant defined “y equation (&).

Substituting equation (6) into the Famno-line equation
(5) we got

e _8
hy = & ¥ 4 Bpv (7)
i 3
which, for givon valuos of and G, 1is a pure pressuro-

volume relation. Solvirg equation (7) for p, differentiating,
and dividing through by v we get for the first termn of eque-
tion (2)

4 _ _ _G adv hy dv
VST mE Y T F T
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Friotion Cneffiolient

. Substituting the last cxpression into eguation (3) and in-
tegrating betwecn secotlons 1 and 2, we get

4 V3 hy 1 - 1%  203\(xa - x1 )
U0 N L AUPIN. SR (S S PO il s SOE 8
\1 va 23 (;np v,8/ . D 0
or
Ae B P oply (1)1 1 )_Gf_ 4D 4 Yz_l (8)
ZG (xa - x1 ) 2k \v,2 v, 8 g 2k 7 vy

If moasurcmonts aro mads of tho initiel state, the rate of flow
and thc prossurcs at 1 and 2, tho values of v, and v, oan

be found by solving the quadratic cquation (7)e The friction
cocffioiont may then be conovuted from oquati-m (38).

This analysls is oversimplifiod in that a singlo veloolty
V 1is assoocliatod with a glvcn cross soobtlon of tho stroam and
thls veloolity is assumed to bo idontiocal with the mean woloeliy
of flow Gv, +there v doanotas the mcan spcoifioc volumoe. It
is probable that tho frioction ocoofficlaont so derived mny bo
usud to caloulute wall friction whonsvor the scection is suf=
floiently fur from the entrenco to the tude that variatiom in
that distanco will not approciably alter tie pattcrn of flow
if vslooity, prcssuro, and othcr faotors romain unchanged. 1In
subsonic flow suoh conditions are doubtlcss attained oxcont in
vory short tubes; howover, in supnorsonlio flow thocu conditions
may not be attalncd at all hooause of thc ranid change in pros-
sure and veleooity along tho tubas of oven tho greatest posslblo
longths. Tho friction coeffiociont so caloulated may bs called
the annarcnt frietion cocfflolernt.

In tho prcsent state of kmowledgo of sup;ruonio flow 1t is
uncertain how closcly the oroduct of A and z(p V°) approxi=
mates tho shear stroess T at the vmll of the pipos It appoars
probablo, howavcr, that, with soix. oxoeptions, tho apparont
friction cocfficiont will »rovo adequato for dosign of passages
in supersonic flow. Tho apparcnt friction cooffiolont is at
least the analoguo of tho frioction ocoeffiocicut for inoompressiblo
flow and as such its variation with tho usual paramotars is of
intorcst. The apparont friotion coofficiont algo cermits a diroot
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comparison of the variation of statlo pressure along tho path
of flow for various testss Frdsscl's tests wore rovortod in
torms of this apparent friction cocffioiont, '

The value of tho viscoslty employed in calculating the
Roynolds number Np and that of the volocity of sound in the
Maoh numyor Ny corrcevnnd to tho moan statc of the fluid at
any cross sooctlon. This mecan statec is dotcrmined from tho mo&-
sured prossurc and thc spcocific volume as found by solving
equation (7)s The viscneity was in turn found from Sutherlandts
formula, namoly, viscosity ,

. 3¢

: z 0. 491,6 +-205.2 /7 T \
(in centipoiscs) = 0.,01709 e — \@iEy

APENDIX B

ANALYTICAL RElLATIONS

Posslblo Ranges of Subsonic and Suporsonle Flow

Thc rclation betwoon longth of flow, pressure changc, and
moan friotion coefficient for a stablec voloeclty distributlon is
shown in figure 14. The ourves ghown were computod from the
relations derived in appondix A,

Tho region in figurv 14 lying balow curve C roprosonts onn=-
ditions of subsonic flow throughout the tube. Tho region lying
above curvo A roprosents conditions of suocrsonio flow through-
out the tuboe

Within oach of thess regions aro shown liics of oonstant
ratio of tho proessure at tho oxit of an intorval of tube length
to tho vrossure at tho ontramco. If the Mach numbor at entrance,
ths tube diamcter, and the tube longth botween two moassured pres-
sures aro known, tho friotion cncfficicnt AN may bo found from
figure 14. Convorscly, for a given value of A tho prossurec
distribution along thz longth of a tube mey be found for any
valuc of the Mach number at the entrancce Tho curvas of constant
prossurc ratio in tho suporscnic region aro valid only if no
shook ococurs in tho longth of tube to whieh they aro applied.
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Curve A shows the maximum length of tubo for supersonio
flow for cach wvaluc of the Mach numbor at the entranoce, and
ocurve C shows tho corrosponding longth for subsonic flow.
Along cach of these curves the Mach mumber at the tube exit
is 1. In the tube oorrespnnding to ourve A the Maoch mumbor
deorcacses in the dircction of flow, whoreas in tho tube ocor-
responding to ourve B the Mach number inocroases.

Curve A indicates that the length of suvorsonic flow in
a tubo mey bo inoreascd by incroasing the L:ach number at on-
trance, which is accomplishod by inoreasing the divorgenoo
ratio of the nozzle that foeds tho tubees The steopneas of the
ourve &t higher Mach numbers shovrs, howewvor, that in this rogion
large incroases in Mach number result in only small increasos in
tho' longth of flowe A Mach number of infinity at tho ontranco,
whlich roquirces an infinito divorgoneco ratio, gives a finite
valuo of AL/D, namely, 0,206, If it is essumod from inspaction
of figuro 11 that tho moan wvalue of A 1ic of the order of
0,0025, then tho maximum vossibl: valuo of L/D 1s 82.2. Only
if N aporoaches zoro as the Faoh number aporoachaes infinity
will it bo poasslible to obtain infinits or overn very large lengths
in supersonic flow.

Flow with Shook

The rogion to the left of curve A may include a shock in
the course of flow providad that the orcssure in tho exhaust
space is groat enough; on the other hand, the rogion botwouen
ourves A aad B must inecludo a shocks Along ocurve B the Mach
number, whioh is less than 1 following the shock, has attained
1 at tho exite Becbtwoen curves A and B the Mach numher is lass
than 1 ot the exlt and greator thon 1 at‘the entrancos An in=
torvel of length corresponding to this intervel may be sub-
divided into & supersonic interval corresponding to tho rogion
abovc ourve A, a subsonic intorval corresponding to the rcglon
below curve C, and an intorval within which the shock ooeurs.
The veloclty distribution will not always b2 stablo enough to
make the ourves of constant pressuro ratio applicablo.

The reglon botweon ourvcs B and € is an imaginary rogion
in whioh flow with a stablo velocity distribution with or with-
out e shook carmot exist,
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TABLE I
TEST 1

[Woxgle A; nogszle throat diam., 0.375 in.; tube diam.,
0.3756 in.; inlet temperature, 126 F; inlet pressure,
16,179 1b/sq £t abs.; tube length, 10 ft; flow per unit
area, 188,.2 1b/eec sq ft)

x P P oy Ny o, T v
(£t) |[(1v/eq £t ebs.) a) ) ("F abe.) | (fps)
----- ,527.3

10 },288 e[ ©1.00 [©%5.14x20%} Cugg.3 |°1083.L4
9.75 5,652 0.00313 | .824 | 4.91 516 917.0
9 7,448 +00326 | .640| M.TH 5L 730.4
8 8,879 00322 [ 543 | L4.75 553 625.9
7 9,956 +00323 | .485| .62 560 5644
6 10,866 .00327 JLU7 | 4.58 563 520.8
5 11,682 00327 | 7| W57 565 486.9
] 12,420 .00328 3921 4.55 569 459.7
3 13,102 .00333| .372| 4.5% 570 437.2
2 13,751 .00321 356 | 4,54 571 nr.4
1 14,336 .00386 JU2 | U.53 572 4o1.2
o 15,004 | «—emm- .326| L.52 514 384,1

BAverage A, from x = 1 ft to x = 9,76 £% = 0,0032324.
bAverage Hp from x w1 ft to x = 9,75 ft, = 4.63 x 10°.

®From calculated pressure at state of maximum entropy.
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TABLE II

TEST 2

[Rozzle A; noxzle throat diam., 0.375 in.; tube dlanm.,
0.376 in.; inlet temperature, 125° F; inlet pressure,
17,607 1b/eq ft abe.; tube length, 10 ft; flow per unit
area, 188.0 1b/sec sq ft]

x P A Ny 1. T v
(£5) | (1b/eq £t abs.) (°F abs.)| (fps)

(a) (») :
o [+ JE NN (V- - - — | ——--
9.75 10,355 0.00318 | 0.466 | 4.61 x 105 560 543.1
9 10,998 .U0326 | .huo | Y4.61 562 513.6
8 11,789 00314 | .1k | k.60 564 4g1.8
7 12,491 00316 | .390 | k.56 566 455.8
6 13,143 .00322 | .370 | 4.56 567 433.8
5 13,764 s00326 | .354 | 4.56 568 ¥14.9
y 14,352 .00328 | .34l | 4.54 571 399.0
3 14,917 .00326 | .328 | 4.54 572 384.6
2 15,452 .00325 | .37 | k.54 572+ 371.7
1 15,964 .00386 | .307 [ 4.52 573 360.3
0 16,546 | ———mee- .296 | 4.52 574 348,1

®Average A, from x =1 ft
bAverage ¥p from x =1 f¢

to x = 9.75 ft = 0.00322,
to x = 9.75 £t. = 4.55 x 105,

=M
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TABLE III

TEST 3
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[Fozzle 4; nossle throat diam., 0.375 in.; tube dianm.,
0.375 in.; inlet temperature, 126° F; inlet pressure,
7,423.1 1b/sq £t abs.; tube length, 10 ft; flow per unit
area, 82.77 1lb/asec sq ft]

(:t) (1b/sq 2t abs.) A . " (°r :bs.) (f;a)
(a) (v)
10 2008.1 431 1057.1
9.75 2561.3 0.00386( 0.790 | 2.19 x 10® 506 873.5
9 3391.1 .00386| .790| 2.11 530 690.6
8 4052,.2 .0038%| .7901{ 2.11 542 589.8
7 U558 .4 .00380| .790 | 2.11 54T 529.7
6 4987.1 .00385| .790 | 2.11 550 yg7.4
5 5368. 1 00387 | .393 | 2.05 552 L5k 8
L 5717.3 .00389| .393 | 2.05 554 428.5
3 6040.9 «00392| .393 | 2.05 555 406.8
2 6342.4 «00385| .393 | 2.05 557 384.3
1 6624.6 .00Lug| .393 | 2.03 559 372.4
0 69343 | - .307 | 2.03 559.4 | 356.4

BAverage A, from x=1 It

Diverage Np from x =1 ft

to x=9.75 ft = 0,00386.
to x=9.75 £t = 2.069 x 108,



20

TABLE IV

TEST 4

[¥osxle A; nosxle throat diam., 0.376 in.; tube diam.,
0.376 in.; inlet temperature, 126° F; inlet pressure,
4,146.5 1b/eq £t abs.; tube length, 10 ft; flow per unit

area, 423.01 1lb/sec aq £t)]

(:t) (1b/eq 11:1-. abs.) » ™ "B (°7 :‘bs.) (f;a)
(a) (b)
10 | e — ———
9.75 21503 | wmmemmm 0.485| 1.082x10° 523 545 .1
9 2357.3 0.00456 | .u485| 1,082 523 501 .2
8 2595.5 L0055 | .ug5| 1.082 523 | U58.2
7 2807.4 L00U59 | .485| 1.082 523 425.4
6 2999.3 <00U59 | 485 | 1.082 523 399.7
5 3176.3 .00U59 | 333 1.067 536 378.2
L 3341.2 00459  .333| 1.067 536 | 360.6
3 3493.7 - 0049 «333| 1,067 536 5.3
2 3640.0 +00U59 | .333| 1.067 536 3319
1 3778.2 +00u51 | .333| 1,067 536 320,2
0 3930.1 00515 | .269( 1.061 540 308.0

&verage A, from x = 1 ft
blwumge ¥p from x= 1 ft

to x = 9.75 £t, = 0,00U56.

to x = 9.75 £+, = 1,067 x 10°,

LT ||
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TABLE V

SUPERSONIC DATA

- -

Throat dlam. of nozzle B, 0.169 in.; throat diam. of nog-
gle C, 0.175 in.; tube diam., 0,4375 in,

Bun Inlet pressure Inlet temp. Nozzle Flow per
o unlt area
(1b/eq in. sbe.) (") (1v/sec sq ft)

85 200,9 135 B 93.3

6 200.9 135 B 93.3
b

7 201.2 130 B

8 200.0 126 B 933

g 191,73 87 3
10 194,1 88 c 100.3

8uns 5 and 6 were combined. Oalculations were made based on pres—
sure-distance curves, fig. 9. Mean friction coefficlents were
celculated for 2-inch lengths.

PSame calculation procedurs as rune 5 and 6. See pressure-distance
curve, fig. 9.

CSame celculation procedure as runs 5 and 6. See pressure-distancs
curve, fig. 10. Between compressor and nozgle the air 1s first

cooled end then heated. Additional pressure taps were added for
run 10.
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